Embryonic stem cells (ESCs) are derived from the inner cell mass (ICM) of blastocyst-stage embryos \[[@r1],[@r2],[@r3]\]. ICM cells are isolated by immunosurgery and cultured on mitomycin C-inactivated mouse embryonic fibroblasts (MEFs) as feeder layers \[[@r1], [@r2]\]. ESCs are undifferentiated cells that have the capacity for unlimited proliferation and can differentiate into various types of cell or tissue *in vivo* and *in vitro* \[[@r2], [@r4], [@r5]\]. Pigs are a useful and meaningful model in many branches of medicine because they are immunologically and physiologically similar to humans \[[@r6],[@r7],[@r8]\]. It is believed that porcine ESCs (pESCs) can play important roles in biomedical research as models for cell therapy, regenerative medicine and tissue repair in humans \[[@r8],[@r9],[@r10]\]. For these reasons, the establishment of a pESC line has become very important. Consequently, many researchers have attempted to establish porcine ES, ES-like or ICM cell lines by using preimplantation blastocysts \[[@r9], [@r11], [@r12]\]. Furthermore, several authors have reported establishment of pESCs from preimplantation blastocysts derived by *in vitro* fertilization (IVF) and somatic cell nuclear transfer (SCNT) \[[@r13],[@r14],[@r15]\]. pESCs can proliferate stably in an undifferentiated state *in vitro* with MEFs as feeder layers and basic fibroblast growth factor (bFGF) \[[@r14],[@r15],[@r16],[@r17]\].

Some of the characteristics of pESCs, including their pluripotency-related molecular markers, karyotype and signaling pathways, have been reported \[[@r14], [@r18]\]. However, details of the ultrastructure of pESCs have not been reported previously. Transmission electron microscopy (TEM) is a major analysis method in cell biology \[[@r19], [@r20]\] and a useful method in cancer research, virology and ESC research \[[@r21],[@r22],[@r23],[@r24]\]. TEM techniques can provide useful information about the functionality of cells. The ultrastructural characteristics of mouse ESCs (mESCs) \[[@r25]\], nonhuman primate ESCs \[[@r1]\] and human ESCs (hESCs) \[[@r26]\], as well as embryoid bodies (EBs) derived from mESC lines \[[@r27], [@r28]\], have been reported. Moreover, Talbot *et al.* reported the ultrastructure of porcine blastocysts \[[@r29]\]. Porcine blastocysts had nuclei, Golgi complexes, numerous mitochondria, free ribosomes and polysomes, very large lipid droplets, microfilaments, microtubules and junctional complexes with tight junctions and desmosomes \[[@r29]\].

Most of the above ultrastructural features were documented by TEM. However, TEM images of the ultrastructure of pESCs derived by IVF and SCNT have not been reported previously. We analyzed the ultrastructure of porcine fetal fibroblasts (PFFs) and pESCs derived by IVF and SCNT by TEM. The aim of this study was to compare the features of organelles in IVF-pESCs and SCNT-pESCs. Since it was required to understand the apoptosis of pESCs during long-term culture *in vitro*, we also compared the features of organelles in high-passage IVF-pESCs with those in low-passage IVF-pESCs.

Materials and Methods {#s1}
=====================

Ethics statement
----------------

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Veterinary and Quarantine Service. The protocol was approved by the Committee on the Ethics of Animal Experiments of Chungbuk National University (Permit Number: CBNUA-584-13-01). All animals were sacrificed under isoflurane anesthesia, and all efforts were made to minimize suffering.

Chemicals
---------

Unless otherwise indicated, all chemicals and reagents used in the present study were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Preparation of the feeder cell layer
------------------------------------

The MEFs used as the feeder cell layer were prepared from ICR mice. ICR mice were killed at pregnancy day 13 and fetuses were recovered. Fetal heads, internal organs and legs were removed. The remaining tissues were minced in fresh phosphate-buffered saline (PBS) and centrifuged at 2000 rpm for 3 min at least twice until MEFs were obtained. MEFs were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, Carlsbad, CA, USA) containing 10% FBS (Gibco), 1% non-essential amino acids (Gibco), 1% glutamine (Gibco), 0.1 mM β-mercaptoethanol (Gibco) and 1% antibiotics-antimycotics (Gibco) (growth medium) at 37ºC under 5% CO~2~ in air. MEFs were passaged two to three times before inactivation with mitomycin C (10 µg/Ml, Roche, Basel, Switzerland) for 2--2.5 h for use in culture of pig blastocysts. Inactivated MEFs were plated at a density of 5 × 10^5^ cells/ml in a four-well dish coated with 0.5% gelatin and containing growth medium. The MEFs were usually plated 1 day before seeding of porcine embryos or ICMs.

Cell culture
------------

All of the pESC lines were established and characterized in a previous study \[[@r30]\]. In brief, hatched porcine blastocysts were obtained by IVF and SCNT using *in vitro* matured (IVM) oocytes. Oocyte collection and maturation, sperm preparation, donor cell preparation, IVF and SCNT were performed as previously reported \[[@r31],[@r32],[@r33]\]. The blastocysts were collected 7 days after IVF and SCNT. The growth medium of inactive feeder cells was replaced with pESC culture medium 2 h before blastocyst plating. The pESC culture medium consisted of low-glucose DMEM/F10 (Gibco) containing 1% non-essential amino acids, 1% glutamine, 0.1 mM β-mercaptoethanol, 1% antibiotics-antimycotics, 4 ng/ml bFGF (Invitrogen, Carlsbad, CA, USA) and 15% FBS. Blastocysts were removed from the zona pellucida using 0.5% protease. For plating, blastocysts were washed three times in pESC culture medium. They were then seeded on a monolayer of mitomycin C-inactivated MEFs in four-well plates (Nunc, Roskilde, Denmark). The plating efficiency of primary cultures was determined by scoring the number of attached colonies after 48 h. The timing of the disaggregation of primary colonies was based on morphology and size. The medium was replaced daily, and new colonies were subcultured at an interval of approximately 7--10 days, according to their size and growth rate. PFFs were isolated according methods in a previous report \[[@r34]\] and cultured in DMEM (Gibco) containing 10% FBS (Gibco), 1% non-essential amino acids (Gibco), 1% glutamine (Gibco), 0.1 mM β-mercaptoethanol (Gibco) and 1% antibiotics-antimycotics (Gibco) (growth medium) at 37ºC under 5% CO~2~ in air. The attachment and growth of PFFs were examined daily, and the culture medium was replaced every 2 days. The cells were at passage 2. pESC lines derived by IVF and SCNT were grown in monolayer culture on mitomycin C-treated MEFs. Seven-day-old colonies were individually peeled off the feeder layer with glass capillaries and dissected using two syringe needles. The pESC medium, including bFGF, was replaced every day. pESC culture was performed in medium at 37ºC under 5% CO~2~ in a humidified atmosphere.

Transmission electron microscopy
--------------------------------

For TEM analysis, two lines of pESCs derived from IVF blastocysts (IVF0227_P20 and IVF0214_P37) and one line of pESCs derived from SCNT blastocysts (Transgenic pESC_P20) line were prepared. The donor cells used for SCNT were transgenic cell lines overexpressing the 11beta hydroxysteroid dehydrogenase (11β-HSD1) gene. All of the pESCs were grown on a feeder layer in four-well plates. Subsequently, pESCs were peeled off the feeder layer and collected into tubes. Furthermore, PFFs were trypsinized and collected into tubes. The cells were washed with 0.1 M phosphate buffer (pH 7.2) twice for 5 min, and cell pellets were resuspended directly in 2.5% glutaraldehyde ﬁxative (EMS, Fort Washington, PA, USA) in 0.1 M phosphate buffer (pH 7.2) and stored at 4ºC overnight. Then, the cells were washed in 0.1 M phosphate buffer (pH 7.2) for 5 min three times. After washing, the cells were transferred to 1% osmium tetroxide (OsO~4~) (EMS) in 0.1 M phosphate buffer (pH 7.2) for 1 h and then washed for 10 min three times in the same buffer. Additionally, the cells were washed twice in distilled water for 5 min each. The ﬁxed cells were dehydrated in an ascending series of ethanol solutions (Merck, Rahway, NJ, USA) (50%, 60%, 70%, 80%, 90%, 95% and 100%; 15 min each), and washed three times in 100% ethanol for 15 min each. The cells were then washed twice in 100% propylene oxide (EMS) for 30 min each and embedded in Epon 812 (EMS). The cells were infiltrated with propylene oxide:Epon 812 (3:1) for 3 h followed by propylene oxide:Epon 812 (1:1) overnight. Next, the cells were infiltrated with propylene oxide:Epon 812 (1:3) for 3 h and then 100% Epon 812 for 3 h. Subsequently the resin was polymerized in an oven at 70ºC for 12 h. Semithin sections were cut with a glass knife (EMS), all sections were prepared using an ultramicrotome (Ultracut UCT, Leica), and ultrathin sections were cut with a diamond knife (DiATOME, Hatfield, PA, USA). Semithin sections were stained with toluidine blue (EMS). Ultrathin sections were ﬁrst contrasted with 2% uranyl acetate (EMS) for 10 min, rinsed with double-distilled water, contrasted with lead citrate (EMS) for 1 min and rinsed with distilled water. Finally, the contrasted ultrathin sections were examined and photographed under a transmission electron microscope (JEM-1400Plus, JEOL, Tokyo, Japan).

Results {#s2}
=======

Ultrastructural analysis of colony shape and microvilli
-------------------------------------------------------

As shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Ultrastructural comparison of colonies and microvilli in three cell linesOriginCell lineOrganelleCell surfaceColoniesMicrovilliPFFsFetal fibroblastsRound or polygonalRareIVFIVF0227IrregularRareSCNTTransgenic pESCsRound or polygonRichPFFs, porcine fetal fibroblasts; IVF, *in vitro* fertilization; SCNT, somatic cell nuclear transfer. and [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Transmission electron micrographs of the cell surface. (A) Porcine fetal fibroblasts, magnification × 600. (B) *In vitro* fertilization-derived IVF 0227 pESCs, magnification × 1500. (C) pESC lines co-cultured with mouse embryonic fibroblasts (MEFs), magnification × 3000. n, nucleus; nu, nucleolus; ne, nuclear envelope; pv, phagocytic vacuole; rer, rough endoplasmic reticulum. (D) Transgenic pESCs derived by SCNT, magnification × 8000. mv, microvilli., the cell surface showed various shapes of colonies and microvilli depending on the type of cell line. PFFs and SCNT-pESCs, as observed by TEM, grew as round or polygonal colonies ([Fig. 1A and 1D](#fig_001){ref-type="fig"}). By contrast, IVF-pESCs grew as irregularly shaped colonies ([Fig. 1B](#fig_001){ref-type="fig"}). Furthermore, the microvilli had various lengths and frequencies ([Fig. 1A, 1B and 1D](#fig_001){ref-type="fig"}). SCNT-pESCs had numerous microvilli ([Fig. 1D](#fig_001){ref-type="fig"}). By contrast, microvilli occurred rarely on PFFs and IVF-pESCs ([Fig. 1A and 1B](#fig_001){ref-type="fig"}).

Ultrastructural analysis of the nucleus
---------------------------------------

We analyzed the ultrastructure of the nucleus, nucleolus, nuclear envelope and chromatin in all of the cell lines ([Table 2](#tbl_002){ref-type="table"}Table 2.Ultrastructural comparison of the nucleus in three cell linesOriginCell lineOrganelleNucleusNucleusNucleolusNuclear envelopeChromatinC:N ratioPFFsFetal fibroblastsPolygonal or irregularOne to twoNormalEuchromatinLowIVFIVF0227Round or irregularOne to twoNormalEuchromatinLowSCNTTransgenic pESCsPolygonalOneNormalHeterogeneousHighPFFs, porcine fetal fibroblasts; IVF, *in vitro* fertilization; SCNT, somatic cell nuclear transfer; C, cytoplasm; N, nucleus. and [Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Transmission electron micrographs of the nucleus. (A, B) Porcine fetal fibroblasts, magnification × 5000. (C) *In vitro* fertilization-derived IVF 0227 pESCs, magnification × 4000. (D) Transgenic pESCs derived by SCNT, magnification × 10000. n, nucleus; nu, nucleolus; ne, nuclear envelope.). The nuclei in PFFs had a polygonal or irregular shape and contained one or two dense nucleoli ([Fig. 2A and 2B](#fig_002){ref-type="fig"}). The nuclei in IVF-pESCs were deeply infolded and of round or irregular shape ([Fig. 2C](#fig_002){ref-type="fig"}). Moreover, they had one to two prominent nucleoli that were reticular shaped and dark ([Fig. 2C](#fig_002){ref-type="fig"}). The nuclei in SCNT-pESCs were large and polygonal, and the one nucleolus was reticular shaped ([Fig. 2D](#fig_002){ref-type="fig"}). As shown in [Fig. 2](#fig_002){ref-type="fig"}, all cell lines had a nuclear envelope. Moreover, the chromatin in the PFFs and IVF-pESCs was observed as low-density, electron-lucent nuclear material ([Fig. 2A, 2B and 2C](#fig_002){ref-type="fig"}). Euchromatin occupied most of the nuclear space. Conversely, SCNT-pESCs had heterogeneous structures containing euchromatin and heterochromatin ([Fig. 2D](#fig_002){ref-type="fig"}). The cytoplasm-to-nucleus ratio was low in PFFs and IVF-pESCs ([Fig. 2A, 2B and 2C](#fig_002){ref-type="fig"}) and high in SCNT-pESCs ([Fig. 2D](#fig_002){ref-type="fig"}).

Ultrastructural analysis of protein-synthesis-associated organelles
-------------------------------------------------------------------

The important function of ribosomes, the rough endoplasmic reticulum (rER) and the Golgi apparatus ([Table 3](#tbl_003){ref-type="table"}Table 3.Ultrastructural comparison of the protein synthesis-associated organelle in three cell linesOriginCell lineOrganelleProtein synthesisRibosomesRough ERGolgi apparatusPFFsFetal fibroblastsRareRareRareIVFIVF0227RichRichRareSCNTTransgenic pESCsRareRareRarePFFs, porcine fetal fibroblasts; IVF, *in vitro* fertilization; SCNT, somatic cell nuclear transfer; ER, endoplasmic reticulum. and [Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Transmission electron micrographs of protein-synthesis-associated organelles. (A) Porcine fetal fibroblasts, magnification × 5000. (B) *In vitro* fertilization-derived IVF 0227 pESCs, magnification × 4000. (C) *In vitro* fertilization-derived IVF 0227 pESCs, magnification × 6000. (D) Transgenic pESCs derived by SCNT, magnification × 10000. r, ribosome; rer, rough endoplasmic reticulum; g, Golgi apparatus.) is protein synthesis. As shown in TEM micrographs, the rER was rarely observed in PFFs and SCNT-pESCs ([Fig. 3A and 3D](#fig_003){ref-type="fig"}). Furthermore, the cytoplasm of these cells contained few free ribosomes and polysomes. By contrast, long stacks of ribosome-studded rER were observed in IVF-pESCs ([Fig. 3B and 3C](#fig_003){ref-type="fig"}). The rER was often extensive and rich in free ribosomes/polysomes. On the other hand, the Golgi apparatus was rarely observed in the cytoplasm in all cell lines.

Ultrastructural analysis of intracellular digestion-associated organelles
-------------------------------------------------------------------------

Intracellular digestion-associated organelles include phagocytic vacuoles, autophagic vacuoles and lysosomes ([Table 4](#tbl_004){ref-type="table"}Table 4.Ultrastructural comparison of the intracellular digestion-associated organelle in three cell linesOriginCell lineOrganelleIntracellular digestionPhagocytic vacuoleAutophagic vacuoleLysosomePFFsFetal fibroblastsRichAbsentRichIVFIVF0227AbsentRareRareSCNTTransgenic pESCsRichAbsentRichPFFs, porcine fetal fibroblasts; IVF, *in vitro* fertilization; SCNT, somatic cell nuclear transfer. and [Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Transmission electron micrographs of intracellular digestion-associated organelles. (A, B) Porcine fetal fibroblasts, magnification × 5000. (C) *In vitro* fertilization-derived IVF 0227 pESCs, magnification × 4000. (D) Transgenic pESCs derived by SCNT, magnification × 10000. pv, phagocytic vacuole; apv, autophagic vacuole; ly, lysosome.). Round phagocytic vacuoles containing membranous structures were frequently seen in PFFs and SCNT-pESCs, but not in IVF-pESCs. Autophagic vacuoles containing dense irregular bodies were also observed, although they were not seen in PFFs and SCNT-pESCs and were rare in IVF-pESCs. In addition, lysosomes were frequently seen in PFFs and SCNT-pESCs as round electron-dense cytoplasmic structures ([Fig. 4A, 4B and 4D](#fig_004){ref-type="fig"}). By contrast, lysosomes were not prominent in IVF-pESCs ([Fig. 4C](#fig_004){ref-type="fig"}).

Ultrastructural analysis of mitochondria
----------------------------------------

Mitochondria with different shapes and sizes were observed in all cell lines ([Table 5](#tbl_005){ref-type="table"}Table 5.Ultrastructural comparison of the mitochondrion in three cell linesOriginCell lineOrganelleMitochondrionDevelopmentShapePFFsFetal fibroblastsWellElongatedIVFIVF0227WellElongatedSCNTTransgenic pESCsWellRoundPFFs, porcine fetal fibroblasts; IVF, *in vitro* fertilization; SCNT, somatic cell nuclear transfer. and [Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Transmission electron micrographs of mitochondria. (A) Porcine fetal fibroblasts, magnification × 5000. (B) Porcine fetal fibroblasts, magnification × 6000. (C) *In vitro* fertilization-derived IVF 0227 pESCs, magnification × 6000. (D) Transgenic pESCs derived by SCNT, magnification × 10000. m, mitochondrion.). Elongated well-developed mitochondria were observed frequently in PFFs ([Fig. 5A and 5B](#fig_005){ref-type="fig"}). Furthermore, the cristae of the PFFs mitochondria were distinct and arranged in parallel. Similarly, elongated well-developed mitochondria were seen in IVF-pESCs ([Fig. 5C](#fig_005){ref-type="fig"}). However, the cristae of the mitochondria were not distinct. By contrast, round well-developed mitochondria were observed frequently in SCNT-pESCs ([Fig. 5D](#fig_005){ref-type="fig"}). Moreover, the cristae of the SCNT-pESC mitochondria were distinct and arranged in parallel.

Ultrastructural analysis of intercellular junctions
---------------------------------------------------

Intercellular junctions including desmosome-like junctions and gap junctions were observed between adjacent cells, and the cells were closely apposed ([Table 6](#tbl_006){ref-type="table"}Table 6.Ultrastructural comparison of intercellular junctions in three cell linesOriginCell lineOrganelleIntercellular junctionsDesmosome-likeGapPFFsFetal fibroblastsRareRareIVFIVF0227AbsentAbsentSCNTTransgenic pESCsRichRichPFFs, porcine fetal fibroblasts; IVF, *in vitro* fertilization; SCNT, somatic cell nuclear transfer. and [Fig. 6](#fig_006){ref-type="fig"}Fig. 6.Transmission electron micrographs of intercellular junctions. (A) Porcine fetal fibroblasts, magnification × 1500. (B) Transgenic pESCs derived by SCNT, magnification × 10000. gj, gap junction; dj, desmosome-like junction.). Intercellular junctions were seen in PFFs and SCNT-pESCs, but not in IVF-pESCs. Desmosome-like junctions and gap junctions were infrequently observed in PFFs. By contrast, these junctions were frequently seen in SCNT-pESCs.

Ultrastructural comparison of pESCs of various origins with mESCs and hESCs
---------------------------------------------------------------------------

This is the first ultrastructural comparison between pESC lines and ESCs from other species \[[@r25], [@r26]\] ([Table 7](#tbl_007){ref-type="table"}Table 7.Ultrastructural comparison of pESCs of various origins with mESCs and hESCsOrganelleOriginOther species of ESCsPFFsIVFSCNTMouse\
(Baharvand *et al.* 2003)Human\
(Sathananthan *et al.* 2002)ColonyRound or polygonalIrregularRound or polygonalRoundSaucerNucleusPolygonal or irregularRound or irregularPolygonalRound or irregularPolygonalNucleolusOne to twoOne to twoOneOne to threeOne to threeChromatinEuchromatinEuchromatinHeterogeneousEuchromatinEuchromatinC:N ratioLowLowHighLowHighMitochondrionElongatedElongatedRoundRoundElongatedPFFs, porcine fetal fibroblasts; IVF, *in vitro* fertilization; SCNT, somatic cell nuclear transfer; C, cytoplasm; N, nucleus.). Ultrastructural examination showed that the colony morphology of PFFs and SCNT-pESCs was similar to that of mESCs \[[@r25]\]. In general, PFFs, SCNT-pESCs and mESCs were round, whereas IVF-pESCs had an irregular shape. Furthermore, the nuclei of PFFs and SCNT-pESCs were polygonal and resembled the nuclei of hESCs \[[@r26]\]; the nuclei of IVF-pESCs were similar to those of mESCs. PFFs, IVF-pESCs, mESCs and hESCs all showed euchromatin, whereas SCNT-pESCs showed heterogeneous structures containing heterochromatin and euchromatin. Additionally, the cytoplasm-to-nucleus ratio was low in PFFs, IVF-pESCs and mESCs and high in SCNT-pESCs and hESCs. All mitochondria in PFFs, IVF-pESCs and hESCs were well developed and elongated. By contrast, well-developed round mitochondria were observed in SCNT-pESCs and mESCs.

Ultrastructural analysis of high-passage IVF-pESCs
--------------------------------------------------

As shown in [Table 8](#tbl_008){ref-type="table"}Table 8.Ultrastructural comparison of low- and high-passage in pESCs derived by IVFOrganelleCell line*In vitro* fertilization derivedIVF0227IVF0214Low passage (20th)High passage (37th)ColonyIrregularIrregularNucleusRound or irregularPyknosis and irregularNuclear envelopeNormalWrinkleChromatinEuchromatinHeterogeneousAutophagic vacuoleRareRichLysosomeRareRichMitochondrionElongatedPoor and elongated and [Fig. 7](#fig_007){ref-type="fig"}Fig. 7.Transmission electron micrographs of *in vitro* fertilization-derived IVF0214 pESCs (high passage and cultured *in vitro* after 37 passages). (A) Ultrastructure of a nucleus-associated organelle, magnification × 1500. (B) Ultrastructure of a protein-synthesis-associated organelle, magnification × 2000. (C) Ultrastructure of a nucleus-associated organelle, magnification × 3000. (D) Ultrastructure of an intracellular digestion-associated organelle, magnification × 3000. (E) Ultrastructure of a mitochondrion-associated organelle, magnification × 5000. (F) Ultrastructure of a nucleus-associated organelle, magnification × 5000. n, nucleus; nu, nucleolus; ne, nuclear envelope; m, mitochondrion; pv, phagocytic vacuole; apv, autophagic vacuole; ly, lysosome; v, vesicle; ld, lipid droplets; rer, rough endoplasmic reticulum; mv, microvilli., TEM examination showed that the organelles of high-passage IVF-pESCs (IVF0214) were different from those of low-passage IVF-pESCs (IVF0227). Pyknosis and wrinkled nuclear envelopes were evident in high-passage IVF-pESCs, but not in low-passage IVF-pESCs ([Fig. 2C and 7A, 7C, 7F](#fig_002){ref-type="fig"}). Furthermore, the chromatin in low-passage IVF-pESCs was low-density euchromatin, whereas high-passage IVF-pESCs displayed heterogeneous structures containing heterochromatin and euchromatin ([Fig. 2C and 7C](#fig_002){ref-type="fig"}). Additionally, autophagic vacuoles and lysosomes were frequently observed in high-passage IVF-pESCs but were infrequent in low-passage IVF-pESCs ([Fig. 4C and 7D, 7F](#fig_004){ref-type="fig"}). TEM examination further showed that the organelles of high-passage IVF-pESCs were similar to those of differentiated hESCs ([Table 9](#tbl_009){ref-type="table"}Table 9.Ultrastructural comparison of pESCs (IVF-high passage) with mESCs and hESCsOrganelleCell lineOther speciesPorcine ESCs\
(IVF 0214)Mouse ESCs\
(Baharvand *et al.*)Human ESCs\
(Sathananthan *et al.*)High passageUndifferentiatedUndifferentiatedDifferentiatedColonyIrregularRoundSaucerGobletNucleusPyknosis and irregularRound or irregularPolygonalPyknosisNuclear envelopeWrinkleNormalNormalWrinkleChromatin densityHighLowLowHighRough ERRichRichRareRichLysosomeRichRareRareRichMitochondrionPoor and elongatedRoundElongatedElongatedC, cytoplasm; N, nucleus; ER, endoplasmic reticulum.). The nuclei in high-passage IVF-pESCs and differentiated hESCs showed pyknosis and wrinkled nuclear envelopes ([Fig. 7C](#fig_007){ref-type="fig"}). Moreover, high-passage IVF-pESCs and differentiated hESCs had a high chromatin density. Additionally, the rER and lysosomes were frequently observed in high-passage IVF-pESCs and differentiated hESCs ([Fig. 7A and 7B](#fig_007){ref-type="fig"}).

Discussion {#s3}
==========

This study was the first to compare the ultrastructure of different pESC lines using TEM. We observed microvilli, nuclei containing reticulated nucleoli, rERs, Golgi apparatuses, lysosomes and mitochondria in the pESC lines derived from various origins. Compared with PFFs and IVF-pESCs, SCNT-pESCs had more microvilli on their surfaces, which suggests that they have high absorption and secretory activity, resulting in an increase in cell surface area. Microvilli indicate highly metabolic activity and have also been observed in mESCs, mouse EBs and hESCs \[[@r25],[@r26],[@r27]\].

Large or small deeply infolded euchromatin- or heterochromatin-containing nuclei with one to three reticular-shaped nucleoli and a nuclear envelope were generally seen in all pESC lines. These features indicate that the nucleus controls gene expression and mediates DNA replication during the cell cycle. The TEM appearance of the nucleus was similar to that reported in other hESCs and mESCs \[[@r25], [@r26]\]. Also, the nuclear shape and structure were similar to those in the blastocysts of many mammalian species \[[@r35],[@r36],[@r37]\]. Nucleoli were the prominent contrasted structures in the nuclei of all pESC lines observed by TEM. In most cells, the nucleus contained one or a few nucleoli. Reportedly, mammalian nuclei contain one or a few nucleoli, and the size and organization of the nucleoli are directly related to ribosome production \[[@r38], [@r39]\]. Furthermore, we observed heterochromatin in SCNT-pESCs and high-passage IVF-pESCs. This result indicates that the chromatin in SCNT-pESCs and high-passage IVF-pESCs is highly condensed and is typically not transcribed \[[@r40], [@r41]\]. In PFFs and IVF-pESCs, but not SCNT-pESCs, the nucleus-to-cytoplasm ratio was low, which may indicate high maturity of SCNT-pESCs.

In this study, the rER was seen to be in contact with ribosomes. Similar observations have been reported in mammalian embryos, blastocysts and cells \[[@r35], [@r37], [@r42], [@r43]\]. Also, the rER has been described in porcine blastocysts \[[@r29]\]. Additionally, the patterns of rER and ribosome frequency found here were similar to those reported in hESCs and mESCs \[[@r25], [@r26]\]. As shown in TEM micrographs, the rER is formed in all pESC lines by series of stacks arranged in parallel. On the other hand, the Golgi apparatus was rarely observed and had flattened cisternae in all pESC lines, possibly indicating low activity of this organelle. This low activity could lead to decreased protein secretion. This finding may reflect the protein quantities required by all pESC lines to proliferate. The Golgi apparatus is involved in protein synthesis and export of cellular products for secretion \[[@r44],[@r45],[@r46]\]. The Golgi apparatus has also been described in porcine epiblast cells \[[@r29]\].

Phagocytic vacuoles and lysosomes perform a central role in intracellular digestion. They were observed frequently in PFFs and SCNT-pESCs but were rare in IVF-pESCs. Phagocytic vacuoles and lysosomes were observed in the blastocysts of mammalian species \[[@r37], [@r47], [@r48]\] and in human and bovine embryos \[[@r43], [@r47]\]. The lysosome is a cellular organelle that contains acid hydrolases to degrade delivered materials. Digestion of phagocytic vacuoles by the enzymes contained within lysosomes releases their nutrients into the cytoplasm \[[@r49]\]. Evidence of phagocytosis was observed in PFFs and SCNT-pESCs. Phagocytosis is involved in the acquisition of nutrients by cells. Furthermore, it is critical for the uptake and degradation of infectious agents and senescent cells and contributes to development, tissue remodeling, the immune response and inﬂammation \[[@r50]\]. Autophagic vacuoles were not observed frequently in the cytoplasm of any pESC line. However, the presence of autophagic vacuoles in high-passage IVF-pESCs suggests that autophagy has roles in catabolism, degradation and production of amino acids under starvation conditions, recycling of cellular components, prevention of various diseases and cell death \[[@r51], [@r52]\]. These findings suggest that autophagy is an adaptive response to stress that promotes survival, whereas in other cases, it appears to promote cell morbidity.

In the present study, mitochondria in all pESC lines varied in size and shape and had mostly tubular cristae. Elongated and round mitochondria were detected in all pESC lines. The elongated mitochondria resembled those found in porcine blastocysts and hESCs \[[@r26], [@r29]\]. By contrast, round mitochondria are frequently found in mESCs \[[@r25]\]. Furthermore, we found that well-developed mitochondria were present at a high frequency in all three pESC lines. Previous reports demonstrated that adult bovine oocytes have a larger mitochondrial population compared with calf oocytes, suggesting that the adult bovine oocytes are mature \[[@r53]\]. Moreover, the mitochondria localization of striated ducts was also clear. PFFs and IVF-pESCs contain elongated mitochondria with a dense matrix, whereas SCNT-pESCs contain round mitochondria with a pale matrix. These findings suggest that the differences in mitochondrial structure among pESC lines were accompanied by a functional difference \[[@r54]\]. Furthermore, the presence of mitochondria is an indication of metabolic activity \[[@r55]\]. Also, several studies showed that mitochondria are involved in other processes, such as signaling, ATP production, energy metabolism, cellular differentiation and cell death, as well as control of the cell cycle and cell growth \[[@r54], [@r56], [@r57]\]. Mitochondrial cristae are folds of the mitochondrial inner membrane that provide an increase in surface area \[[@r56]\]. The study of mitochondrial function has become central to a wide variety of clinical and basic science research \[[@r58], [@r59]\].

Contact areas of similar appearance were observed in PFFs and SCNT-pESCs, in which they were often associated with gap junctions and desmosome-like junctions. These junctions are thought to hold cells together and facilitate communication between neighboring cells \[[@r60], [@r61]\]. Previous reports demonstrated gap junctions and desmosome-like junctions in many mammalian embryos and blastocysts \[[@r29], [@r35], [@r37], [@r42], [@r47], [@r62],[@r63],[@r64]\]. However, gap junctions and desmosome-like junctions were not observed in hESCs and mESCs \[[@r25], [@r26]\].

TEM analysis of high-passage IVF-pESCs revealed signs of apoptosis ([Fig. 7](#fig_007){ref-type="fig"}). Apoptosis is a strictly regulated mechanism for the ordered removal of aged or damaged cells \[[@r65], [@r66]\]. In general, ultrastructural analyses of low-passage IVF-pESCs showed normal nuclei, few lysosomes, few autophagic vacuoles and elongated mitochondria. By contrast, high-passage IVF-pESCs had pyknosis, wrinkly nuclear envelopes, numerous lysosomes associated with autophagic vacuoles and poor mitochondria. Features of apoptosis include chromatin condensation, nuclear fragmentation, apoptotic bodies and lack of mitochondrial swelling \[[@r65],[@r66],[@r67],[@r68],[@r69]\]. Therefore, the high-passage IVF-pESCs showed the initial signs of apoptosis.

This study confirms that pESCs of different origins have a characteristic ultrastructure. We identified differences and similarities among the pESC lines. The results of this study show that the ultrastructural features of PFFs are similar to those of SCNT-pESCs, but not IVF-pESCs. This presumably indicates that the cells have different states. Furthermore, this study demonstrated that the features of organelles are origin dependent. Previous reports demonstrated the ultrastructure of porcine embryos and blastocysts \[[@r29], [@r37], [@r70], [@r71]\]. Also, TEM permits precise demonstration of the ultrastructure of various ESCs \[[@r25], [@r26]\]. However, the present study is the first report of the ultrastructure of pESCs.

In conclusion, this study confirmed that the ultrastructural characteristics of pESCs differ depending on their origin. The comparison of the different pESC lines provides useful information regarding the ultrastructure of pESCs. The ultrastructural characteristics might facilitate biomedical and histological research on pESCs. Also, the ultrastructure of pESCs could play an important role in cell therapy, regenerative medicine, tissue repair and use of pESCs as a human cell biology model.
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